Açai is considered a functional food, and in addition to being a source of energy and fiber, it is a valuable source of bioactive compounds such as anthocyanins, minerals and fatty acids. In the present work, antioxidant-rich extracts from açai pulp were obtained using pressurized liquid extraction (PLE). The effects of the independent variables, including solvent type (pure ethanol and ethanol/water (50:50 v/v)), citric acid (0 and 0.3%, w/w), pressure (20 and 80 bar) and temperature (30 and 60 °C) were evaluated using a full factorial design. The extraction was affected primarily by the solvent type and the citric acid percentage. The results indicate that the maximum overall yield (X 0 ) was 64 ± 9 (%, d.b.) when the process was performed using ethanol (99.5%) and citric acid (0.3% w/w). The maximum total anthocyanin content and anthocyanin recovered from the raw material were 7 ± 1 (mg anthocyanin/g extract, d.b.) and 11 ± 2 (%, d.b.), respectively.
Introduction
Açai (Euterpe oleracea Mart.) is a palm tree commonly found in northern South America, mainly within the Brazilian Amazon (Dliveira & Santos, 2011) . A wide variety of marketable products are produced from this plant, the spherical fruits being the most important edible products (Del Pozo-Insfran et al., 2004) . Recently, açai has attracted worldwide interest due to its exotic flavor and its bioactive properties, such as antioxidant capacity and anti-inflammatory activity (Kang et al., 2011; Pacheco-Palencia et al., 2007; Schauss et al., 2006b ). The açai pulp has a high content of phenolic compounds such as anthocyanins, proanthocyanidins, other flavonoids and lignans (Schauss et al., 2006a) . Anthocyanins contribute to preventing some degenerative diseases, and their effects on human health. Have been mainly attributed to their antioxidant ability to reduce the free radicals and prevent cardiovascular problems and other diseases (Kruger et al., 2014; Spada et al., 2009) . The anthocyanins are a group of flavonoid compounds that are responsible for the red, violet and blue color of fruits and vegetables such as strawberries, grapes and cranberries, among others (Newsome et al., 2014) . Therefore, anthocyanins are considered a possible substitute for synthetic dyes used in foods due to their attractive color and high solubility in aqueous media. Additionally, anthocyanins are considered to be nontoxic and safe additives (Pina et al., 2012) . However, there are some limitations for commercial uses of anthocyanins due to the availability of feedstocks (quantity and quality), difficulty in purifying the extracts, the high cost of raw materials and low stability during processing and storage (Del Pozo-Insfran et al., 2004; Liazid et al., 2014) .
The growing interest in the recovery of biocompounds such anthocyanins from vegetal matrices with possible applications in the food, pharmaceutical and cosmetic industries represents an important opportunity (Machado et al., 2014) . Anthocyanins are generally extracted using methanol, ethanol, acetone, water or a mixture of these solvents (Welch et al., 2008) . Anthocyanins are relatively unstable pigments, and temperature is the main factor that triggers the degradation of the anthocyanins. Dther factors, such as their chemical structure, pH, presence of light, ions, enzymes or oxygen, can trigger their degradation (Liazid et al., 2014; Sui et al., 2014) . However, the color stability of the anthocyanins is increased under acid presence due to the antibrowning effects (Altunkaya & Gökmen, 2009) . In this context, to improve the extraction yield, the addition of small quantities of acid (e.g., hydrochloric, formic and citric acid) can be considered to enhance the extraction efficiency (Adjé et al., 2010) .
PLE is an environmental friendly extraction technique that allows overcoming the inconveniences of traditional techniques, whereas extracts with high quality and purity are obtained. The PLE process has become a feasible alternative for recovering bioactive compounds from vegetal feedstock (Liazid et al., 2014; Liu et al., 2014; Machado et al., 2014 solvent extraction (ASE), pressurized solvent extract ion (PSE) or enhanced solvent extraction (ESE). As the extraction process is performed using high pressures, the solvent remains in a liquid state, even when the temperatures are above the boiling point of the solvent (Richter et al., 1996) . Thus, PLE can operate at high temperatures to increase the solubility and desorption of the target compounds from the matrix (Nieto et al., 2010) . In the PLE process, the pressure and temperature can be adjusted to improve the selectivity of the extraction solvent over a particular group of compounds (Carabias-Martínez et al., 2005; Liu et al., 2014) . In the PLE process, solvents are generally recognized as safe (GRAS), such as water, ethanol or their mixtures, and are commonly used for phenolic and anthocyanin extraction (Mane et al., 2015; Rodrigues et al., 2015) .
In this context, the objective of this study was to evaluate PLE for obtaining anthocyanins from frozen açai pulp. The process parameters such as temperature, pressure, solvent and citric acid were evaluated to obtain anthocyanin-rich extracts. Pure ethanol and ethanol/water (50:50 v/v) were used as solvents because they are GRAS solvents. To evaluate the citric acid effects on the anthocyanin extraction process, citric acid was added into the extraction solvent.
Materials and methods

Chemicals
Ethanol (PubChem CID: 702) (Dinâmica, Diadema, Brazil) and citric acid (PubChem CID: 311) (Synth, Diadema, Brazil) were used. Ultra-pure water was obtained from a Milli-Q water purifier system (Millipore, Bedford, USA). The chemicals and solvents used in the anthocyanin analysis were methanol (Merck, Darmstadt, Germany) and formic acid (Panreac, Barcelona, Spain) at high-performance liquid chromatography (HPLC) grade. Cyanidin chloride (Sigma-Aldrich Chemical Co., St. Louis, USA) was used as the anthocyanin standard. Chemical compounds studied in this article: Cyanidin-3-D-glucoside (PubChem CID: 12303203); Cyanidin-3-D-rutinoside (PubChem CID: 29232); Peonidin-3-D-glucoside (PubChem CID: 14311151); Cyanidin Chloride (PubChem CID: 68247).
Raw material
Frozen açai pulp (De Marchi, São Paulo, Brazil) was obtained from a local market located in Campinas, Brazil. The raw material was kept at -18 °C before use. The moisture content was determined by lyophilization (LIDBRAS, São Carlos, Brazil). The moisture percentage was calculated by the weight difference before and after lyophilization. The dry matter was characterized according to the anthocyanin content using the ultra-high performance liquid chromatography (UHPLC) method.
Pressurized liquid extraction (PLE) process
PLE was performed with homemade equipment as shown in Figure 1 . Frozen açai pulp (5.5 g) was placed inside the extraction cell (5 cm 3 ). The extraction vessel was heated by a heating jacket. The extraction cell assembly containing the raw material was heated for 3 minutes, filled with ethanol and pressurized using an HPLC pump (Thermoseparation Products, California, USA). After reaching the desired pressure, the extraction cell was maintained at the desired temperature for a static period of 5 min. Then, the block and back-pressure valves were opened and carefully adjusted to maintain the system pressure. The dynamic extraction time was 11 min, and the solvent-to-feed ratio (S/F ratio) was 8.5. After the PLE process, the extract was rapidly cooled and protected from light to prevent the degradation of compounds. After extraction, an aliquot (2 mL) of the extracts was filtered through a 0.22-µm nylon syringe filter (Membrane Solutions, Dallas, USA) prior to chromatographic analysis.
Determination of overall yield (X 0 )
The overall yield (X 0 ) was expressed using a dry basis with the Equation 1. X 0 was calculated as the ratio of the total mass of the extract (m extract ) and the initial mass of the extraction sample (m sample ) using a dry basis.
Anthocyanin analysis
Sample preparation
The extracts from the açai samples (raw material) were obtained with an ultrasound-assisted extraction technique. Ultrasonic irradiation was carried out using a UP200S sonifier (200 W, 24 kHz) (Hielscher Ultrasonics, Teltow, Germany), with the sample immersed in a water bath coupled to a temperature controller (Frigiterm-10, J.P. Selecta, S.A., Barcelona, Spain). The following extraction parameters were used to extract the anthocyanins: extraction solvent: methanol:water (pH 2) (50:50); temperature: 30 °C; output amplitude of the nominal amplitude of the transducer: 100% (200 W); duty cycle: 0.5 s; solvent volume: 25 mL; extraction time: 10 minutes; amount of sample: 0.5 g. The extracts were filtered through a 0.22-µm nylon syringe filter (Membrane Solutions, Dallas, USA) prior to chromatographic analysis.
Identification of anthocyanins
The anthocyanins were identified by ultra-performance liquid chromatography (UPLC) coupled to quadrupole-time-of-flight mass spectrometry (Q-ToF-MS) (Waters Corp., Milford, USA). The injection volume was set to 3 μl. The chromatographic separation was performed on a reverse-phase C18 analytical column (Waters Corp., Milford, USA) of 2.1 mm × 100 mm and 1.7-µm particle size. For the identification of anthocyanins, water (2% formic acid) as solvent A and methanol as solvent B were the mobile phases at a flow rate of 0.4 mL min 
Separation and quantification of anthocyanins
The separation and quantification of anthocyanins was performed on an elite UHPLC LaChrom Ultra system (Hitachi, Tokyo, Japan) consisting of an L-2200U autosampler, an L2300 column oven, an L-2160U pump and an L-2420U UV-Vis detector. The column oven was adjusted to 50 °C for the chromatography. The UV-Vis detector was set at 520 nm for the analysis. The anthocyanins were analyzed on a HaloTM C18 Hitachi LaChrom column (100 × 3 mm I.D., particle size 2.7 µm). A gradient method, using acidified water (5% formic acid, solvent A) and methanol (solvent B) and working at a flow rate of 1.0 mL min -1 , was employed for the chromatographic separation. The gradient employed was as follows: 0 min, 15% B; 1.50 min, 20% B; 3.30 min, 30% B; 4.80 min, 40% B; 5.40 min, 55% B; 5.90 min, 60% B; 6.60 min, 95% B; 9.30 min, 95% B; 10 min, 15% B.
UHPLC calibration
The UHPLC method was used to obtain a calibration curve for cyanidin chloride (y = 300568.88x-28462.43), which is the anthocyanidin standard that is commercially available for cyanidin anthocyanins. The regression equation and correlation coefficient (R 2 = 0.9999) were calculated using Microsoft Dffice Excel 2010. The limits of detection (0.198 mg L -1 ) and quantification (0.662 mg L -1 ) were also calculated using Microsoft Dffice Excel 2010. The four anthocyanins present in açai (cyanidin-3-D-glucoside, cyanidin-3-D-rutinoside, peonidin-3-D-glucoside and peonidin-3-D-rutinoside) were quantified using the calibration curve for cyanidin chloride, taking into account the molecular weight of the anthocyanins analyzed. All analyses were carried out in duplicate.
Determination of anthocyanin yield (AY)
Anthocyanin yield (AY) expressed using a dry basis was calculated with Equation 2. AY was calculated by multiplying the value of X 0 by the total anthocyanins in the extract (Anthocyanins extract (mg/g)) and dividing by the total anthocyanins in original sample for extraction (Anthocyanins sample (mg/g)).
Statistical analysis
A full factorial design was used to determine the effects of the extraction parameters, including temperature (30 and 60 °C), pressure (20 and 80 bar), solvent type (pure ethanol and ethanol/water (50:50 v/v)) and the addition of citric acid (0 and 0.3% w/w). The experiments were performed in duplicate. Minitab 
Results and discussion
Raw material characterization
The moisture content (wet basis) of the frozen açai pulp was 89% ± 2%. This result agrees with the result obtained by Dliveira & Santos (2011) in a similar sample (89% ± 1% of moisture). That journal article also determined other components on a wet basis, including ash (0.40% ± 0.03%), protein (3.0% ± 0.1%) lipids (6.0% ± 0.1%), total sugar (2.0% ± 0.7%), fibers (4.0% ± 0.1%) and minor components like calcium and iron. Table 1 lists the anthocyanin content of frozen açai pulp expressed on a dry basis.
According to the quality standard, the açai pulp products are derived from the edible fraction of the açai fruit after recovery of the pulp through appropriate technological processes (Dliveira & Santos, 2011) . The açai pulp is classified according to the amount of total solids. There are three types: thick (A) which has 14% dry matter and a very dense appearance; average (B) which has 11% to 14% dry matter and a dense appearance and fine (C) which contains 8% to 11% dry matter and a thin appearance (Brasil, 2000) . According to the amount of total solids, the raw material used in this study can be classified as type C. For the PLE process, in order to preserve the integrity of the target biocompounds, the frozen açai pulp was not dehydrated. Table 2 lists the experimental conditions and the overall yield, the anthocyanin yields, and total anthocyanin content obtained by PLE.
PLE anthocyanin-rich extracts
Overall yield (X 0 ) of PLE
In the temperature, pressure, solvent and citric acid ranges studied, only the combination of solvent and citric acid effects (p value ˂ 0.03) had a significant impact on the extraction yield. The overall yield varied from 14.5% d.b. to 63.5% d.b. The results show that the extraction yield has an increment directly proportional to the increment in concentration of ethanol and citric acid, as can be clearly observed in the contour plot in Figure 2 . The ethanol and citric acid contribute to increase the overall yield, which is a consequence of the ethanol polarity and the acid medium that increases the extraction of a higher quantity of components from the matrix and reduces the selectivity of the process. For example, the highest yield obtained was the result of a process that used pure ethanol and 0.3% of citric acid (pH 3.7).
In this study, the temperature did not significantly affect the anthocyanin extraction process from açai pulp by PLE. This result disagrees with the observations of Machado et al. (2014) in an anthocyanin extraction process from blackberry residues, where the temperature had a positive effect on the overall yield. The anthocyanins identified in the blackberry extracts showed higher yields when the PLE process was Table 1 . Anthocyanin composition in frozen açai pulp (on a dry basis). performed using acidified water (pH 2.5) and temperatures between 60 and 80 °C at 75 bar. Although some PLE processes commonly use high temperatures to obtain higher yields, in this work, moderate temperatures were considered in order to maintain the integrity of the anthocyanins. According to Liu et al. (2014) , phenolic compound such as anthocyanins are thermolabile, and therefore, the use of high temperatures should be avoid to prevent the degradation of the compounds.
Anthocyanin composition in the PLE extracts
In this study, to determine the composition of the extracts, two major anthocyanins (C3Gl and C3R) were selected. C3Gl is known as one of the most predominant anthocyanins in nature and in the açai fruit (Del Pozo-Insfran et al., 2004) , and C3R has been reported to be one of the most thermally stable anthocyanins (Rubinskiene et al., 2005; Sui et al., 2014) . As shown in Table 1 , the anthocyanin C3R represents the highest content in the total composition of anthocyanins in the frozen açai pulp. This behavior is uncommon in açai fresh pulp and blackberry (Rubus fruticosus L.) residues, according to values reported by Del Pozo-Insfran et al. (2004) and Machado et al. (2014) , respectively, where the anthocyanin C3Gl is the predominant compound in the extracts. This difference can be explained due to process conditions through which the raw material used in this work was obtained, and the water content in the raw material (Welch et al., 2008; Yamaguchi et al., 2015) . Yamaguchi et al. (2015) highlighted the presence of C3Gl and C3R in the açai extracts. Both compounds contribute biological properties to the extracts such as antioxidant, anti-inflammatory, anti-proliferative and cardio-protective activities. The presence of these anthocyanins (C3Gl and C3R) in the frozen açai pulp extracts, as shown in Table 1 , indicates the potential antioxidant potential activity of the extracts obtained by the PLE process, as presented in Table 2 . Conversely, two other anthocyanins with minor concentrations were identified: Pe3Gl and Pe3R.
The total anthocyanin (TA) content is given as a function of the process parameters in Table 2 . It should also be noted that over the temperature and pressure ranges studied, TA was not significantly affected by any of these factors. Instead, once again, the TA was significantly affected by the combination of solvent and citric acid effects (p value ˂ 0.01). Vieira et al. (2013) evaluated the influence of ultrasonic and agitated bed extraction methods on the anthocyanin composition of extracts obtained from jussara (Euterpe edulis) pulp. For the above study, the anthocyanin contents were significantly affected by the extraction time, ethanol concentrations in acidified water and S/F ratios, but not by the extraction temperature or differences between the extraction methods studied.
Contrary to the behavior shown by the overall yield, the TA composition presented a constant increment inversely proportional to the increment in concentration of ethanol and citric acid as observed in Figure 3 . The highest amount of TA was obtained when ethanol/water (50:50 v/v) was used as a solvent (pH 6.1), which demonstrates the solubility of anthocyanins in aqueous solutions (Pina et al., 2012) . Although small quantities of citric acid can improve the extraction efficiency if the color stability of the anthocyanins is increased under acid conditions (Adjé et al., 2010) , in this work, the addition of citric acid did not show a positive effect on the quantity of anthocyanins extracted. Conversely, the effects of the solvent and citric acid on X 0 and TA in PLE extracts were different. Due to the higher quantities of ethanol and citric acid that increase the extraction of other components from raw material, the TA in the extract is also reduced.
Anthocyanin yield (AY)
The anthocyanin yield is given as a function of temperature, pressure, solvent and citric acid in Table 2 . The yield varied from 2.7% d.b. to 10.6% d.b. The anthocyanin yield was significantly affected by the combination of solvent and citric acid (p value = 0.01). It is important to highlight that in the range of temperature and pressure tested, neither of the two parameters significantly affected the extraction process. The interaction between ethanol and citric acid appears to be the key factor in the extraction process. In Figure 4 is the contour plot of the interaction of ethanol and citric acid. Greater anthocyanin yields were obtained when the solvent had a greater proportion of water and in the absence of citric acid. As was established previously, a lower ethanol content contributes to the extraction process. In the same way, the process had a better performance when lower quantities of citric acid were used. As established previously, a lower ethanol content contributed to the extraction process because the solubility of the anthocyanins is increased in aqueous solutions. In the same way, the process had a better performance when lower quantities of citric acid were used. The citric acid in this study increases the release of other compounds, which has the counter-effect of lowering the purity of the extract and decreasing in the anthocyanin yield.
However, the use of citric acid in other research has been successful. For example, Adjé et al. (2010) studied the ultrasound-assisted extraction of anthocyanins from the flowers of Delonix regia using water as an extraction solvent. In that work, the researchers extracted the anthocyanins using acidified water (sulfuric acid (0.01 N) and citric acid (0.01 N)). The results obtained showed better results when the process was performed using a higher concentration of citric acid. Although the use of citric acid seems have a better protective effect on anthocyanins than other acids, such as sulfuric acid, the use of citric acid in anthocyanin extraction is a topic that still being discussed. For example, citric acid does not have a positive effect in all anthocyanin extraction research. According to Pacheco-Palencia et al. (2007) , the presence of citric acid in anthocyanin-rich systems can promote the degradation of compounds with a negative effect on the color retention. Therefore, further research regarding the use of citric acid during anthocyanin extraction should be conducted to clarify the effects of the citric acid in the extraction process. Conversely, after performing the statistical analysis, and due to the AY values obtained in this work, subsequent studies on increasing the proportion of water in the extraction solvent are recommended.
In this study, the temperature and pressure did not have a positive or negative effect on the extraction process; therefore, it is possible to establish that the use of the PLE process in anthocyanin extraction is not recommended, at least in the evaluated range of temperature and pressure. However, the results obtained in this work are relevant because they contribute to the purpose of obtaining anthocyanin-rich extracts from frozen açai fruit pulp. A similar behavior was observed by Rodrigues et al. (2014) . The authors recommended, instead of the PLE process, the use of a low-pressure solvent extraction (LPSE) technique to obtain better results.
Conclusions
The results of this study show that anthocyanin-rich extracts can be obtained from frozen açai pulp in an environmentally friendly process such as the PLE process. The results indicate that the anthocyanin extraction was affected primarily by the extraction solvent and the acid citric percentage. The temperature and pressure did not significantly affect the extraction process. Specifically, increasing the water proportion in the extraction solvent improved the extraction efficiency of the anthocyanin, while increasing the citric acid negatively affected the extraction process. The best results for the anthocyanin extraction were ethanol/water (50:50 v/v) without citric acid to acidulate the extraction solvent. The application of the PLE process to the recovery of anthocyanin biocompounds from frozen açai pulp was not determined conclusively, as in the evaluated range of temperature and pressure, neither of the two parameters had a significant effect on the anthocyanin extraction. Although this study proved that anthocyanins from frozen açai pulp are present in a fully functional form in the extracts obtained, further research is necessary to understand the effects of the process conditions. Another range of temperature and pressure, a minor concentration of citric acid and larger quantities of water in the extraction solvent could be evaluated to optimize the process.
